In cerebrovascular disease, progression of brain atrophy may reflect an increase in ischaemic changes. The purpose of this study was to determine whether atrophy of the corpus callosum progresses in association with a deterioration in cerebral cortical oxygen metabolism after occlusion of the carotid artery. Magnetic resonance imaging and PET were used to serially evaluate six patients with occlusion of the unilateral internal carotid artery at intervals ranging from 12 to 50 months. One patient had no symptoms, one had a transient ischaemic attack, and four had a minor stroke. All patients had presented at most only subcortical lesions at the first evaluation. During follow up, no patient showed extension of subcortical lesions or recurrent stroke. The initial total callosal area:skull area ratio for the patients was significantly less than that for 14 age matched normal control subjects. The yearly decrease of callosal size in the patients, which differed significantly from zero and exceeded that in the controls, was significantly correlated with the deterioration in mean cerebral cortical oxygen metabolism. Three of the four patients who showed significant progression of callosal atrophy presented deterioration in haemodynamic states as well. It is concluded that in some patients atrophy of the corpus callosum progresses after occlusion of the carotid artery even in the absence of any overt episode of stroke, and that this atrophy is associated with deterioration in cerebral cortical oxygen metabolism. An increase in cerebral morphological changes with deterioration in cerebral metabolism related to ischaemia may occur after occlusion of the carotid artery, even in the absence of symptoms. (7 Neurol Neurosurg Psychiatry 1995;59:420-426) Keywords: corpus callosum; carotid artery disease; magnetic resonance imaging Previous investigations have shown the natural history of occlusion of the internal carotid artery in relation to the risk of death and stroke.' The types of ischaemic changes that occur and the course of the process of changes in brain metabolism after internal carotid artery occlusion remain unclear. To our knowledge, no serial study of the relation between the morphological and metabolic changes after internal carotid artery occlusion has been conducted with both MRI and PET.
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After internal carotid artery occlusion, low perfusion or microembolism can produce cerebral ischaemic changes.2 3 Although most of these events are clinically apparent or are detectable as infarction on CT or MRI, some of them may produce only subtle subjective symptoms and may be detected only as emergence of brain atrophy with metabolic depression. Computed tomography studies in internal carotid artery occlusive disease have disclosed only hemiatrophy in some patients.45 Also, a recent cross sectional study with MRI and PET showed that atrophy of the corpus callosum occurs in association with decreased cerebral cortical oxygen metabolism in internal carotid artery occlusive disease without apparent infarction on CT. 6 The largest fraction of neurons projecting into the corpus callosum are the large pyramidal cells in layer 3,7 which is one of the groups of cortical neurons most vulnerable to ischaemia.8 Therefore, callosal atrophy may result from cortical ischaemic changes that are not detectable as infarction by CT, and its progression after internal carotid artery occlusion may reflect the occurrence of new ischaemic changes with deterioration in cerebral cortical metabolism.
Our purpose in this study was to find whether atrophy of the corpus callosum progresses after internal carotid artery occlusion and, if so, whether this atrophy is associated with a deterioration in cerebral cortical oxygen metabolism. We serially studied six patients with internal carotid artery occlusion by MRI and PET, and quantitatively evaluated the relation between the changes in callosal size and those in cortical oxygen metabolism.
Methods

SUBJECTS
Six right handed patients (three men and three women) with unilateral internal carotid Progression of atrophy of the corpus callosum with deterioration of cerebral cortical oxygen metabolism after carotid artery occlusion artery occlusion, aged 57-73 (mean (SD) 62 (6)) years, were studied by MRI and PET at the first evaluation. They were consecutive patients whom we could follow up for more than one year and who underwent second MRI and PET evaluation between 1993 and 1994. All patients were followed up with medical treatment including antiplatelet treatment. The interval between the studies ranged from 12 to 50 (mean (SD) 25 (13) In all patients, the first MRI studies were performed at least two months after the latest ischaemic event. The PET studies were conducted within one week before or after the MRI studies at both the initial and follow up studies. All patients were in stable condition at the time of the second studies. All subjects gave informed consent to undergo the MRI and PET studies.
We also studied 14 right handed control subjects (eight men and six women) (mean (SD) age at first evaluation 58 (6) who was blinded to the clinical state of the patients. Before this study, the reliability of our procedure within each observer was evaluated in 20 subjects, with and without neurological diseases. There was high reliability in the measurement of the callosal area and the midline internal skull surface area within each observer (r = 0 99, P < 0 0001 and 0-975, P < 0 0001 respectively). The total change of the corpus callosum area:skull area ratio was calculated by subtracting the ratio obtained at the second scan from that obtained at the first scan, and the yearly change was also calculated by dividing the value by the time interval between scans for comparison between subjects although the corpus callosum area:skull area ratio may not decrease linearly:
area ratio (second) -area ratio (first) time interval between scans (year) POSITRON EMISSION TOMOGRAPHY All patients and seven additional normal volunteers (four men and three women; mean (SD) age 51 (16) years) were scanned with a PCT-3600W system (Hitachi Medical, Japan). A detailed description of this PET scanner has been published previously." ' 12 This system acquires 15 slices with a centre to centre distance of 7 mm and a transaxial resolution of 6-5 mm full width at half maximum (FWHM) at the centre. The slice thickness at the centre is 6-9 mm FWHM and 5 9 mm FWHM for in plane and cross plane slices respectively. As part of the scanning procedure but before the PET study, germanium-68-gallium-68 transmission scanning was performed for 20 minutes for attenuation correction. The cerebral blood flow (CBF) was measured while the subject continuously inhaled 300 MBq of COI5O a minute through a mask, and the measurement of the cerebral metabolic rate of oxygen (CMRo2) and oxygen extraction fraction (oEF) was performed during continuous inhalation of 500 MBq of O"1O a minute. Data were collected for five minutes. A single breath of 1 00-1 -20 GBq of C'5O was used to measure cerebral blood volume (CBV). We calculated CBF, CMRo2, and oEF based on the steady state method.13
The CMRo2 and oEF were corrected by the CBV.14 Functional images were reconstructed as 128 x 128 pixels, with each pixel representing an area of 2-0 x 2-0 mm. The ratio of CBF to CBV was calculated pixel by pixel as an Values are mean (SD). Cao2 = total oxygen content of arterial blood; MABP = mean arterial blood pressure.
indicator of cerebral perfusion reserve.'5 Table  2 shows the mean physiological data for the patients and controls acquired during the PET study. In this study, the patients were scanned through tomographic planes parallel to the orbitomeatal line. Each patient's head was positioned by means of a light grid projected on to the forehead, the lines of which were aligned to markings made on the skin with a felt tipped pen. For the follow up studies, care was taken to ensure to the greatest extent possible that the patient was scanned through anatomical planes identical to those in the first PET study. A method ensuring exact repositioning of the patient's head, such as fixation with a customised headholder for each subject, however, was not used. Also, the magnitude of test retest variability over months to years was not studied.
We analysed six tomographic planes 43, 50, 57, 64, 71, and 78 mm above and parallel to the orbitomeatal line, which corresponded to the levels from the basal ganglia and thalamus to the centrum semiovale. The region of interest was placed on the CBF images and the method for CT PET imaging coregistration was not used. Each image was examined by placing 15 to 17 circular regions of interest 12 mm in diameter over the grey matter of the cortex. According to the atlas prepared by Kretschmann and Weinrich,'6 the regions of interest in all six images were included in the distribution of the anterior cerebral artery, middle cerebral artery, and posterior cerebral artery, as well as the watershed areas between the anterior and middle cerebral arteries (anterior watershed) and the middle and posterior cerebral arteries (posterior watershed). The mean hemispheric and cerebral values were calculated as the average of the middle cerebral artery, anterior watershed, and posterior watershed region of interest, and each was weighted by region size. 17 The We analysed the relation of the yearly change of the corpus callosum area:skull area ratio in the patients to that of mean cerebral CMRo, values and to the total changes in CBF, oEF, and CBF:CBV ratio using Spearman's correlation analysis; significance was accepted at P < 005.
Results
No patient showed extension of subcortical white matter lesions during the follow up period. Two patients (5 and 6) developed apparent cortical atrophy in the superior parietal cortex ipsilateral to the internal carotid artery occlusion. The initial total callosal area:skull area ratio for the patients was significantly decreased compared with that in controls (table 3) . Although the yearly decrease of the ratio was significantly greater than zero in both patients and controls (paired Wilcoxon signed rank test), the decrease in the patients exceeded that in controls (table 3). Significant progression of callosal atrophy, defined as a value less than -0x72 x 10-3/year (the lower 95% confidence limit for the controls), was found in four of the six patients (fig 1) .
In the hemisphere ipsilateral to internal carotid artery occlusion the patients had significantly increased CBV at the first evaluation together with significantly decreased CBF:CBV compared with the controls (table  4) . The CMRo0 and CBV at the second study were significantly decreased compared with those at the first study. The CBF and CBF:CBV showed slight decreases with a Callosal area/skull area ratio (x 10-2) slight oEF increase at the second study, but these changes were not significant. The CBF, oEF, and CBF:CBV at the second evaluation were significantly different from those in controls. In the hemisphere contralateral to the internal carotid artery occlusion, none of the values was significantly different from that in the controls, but the CBV on the contralateral side showed a significant decrease at the second evaluation.
The changes in callosal size and haemodynamic and metabolic variables differed among patients but were mutually correlated. The degree of decrease in the corpus callosum area:skull area ratio was significantly correlated with the degree of deterioration in the mean metabolic value of cerebral cortical oxygen ( figs 2 and 3) . The progression of atrophy of the corpus callosum was related to the deterioration of the patients' haemodynamic state; in three of the four patients who showed significant progression of callosal atrophy, the CBF and CBF:CBV ratio were decreased and the oEF was increased at the second evaluation ( fig 4) . The progression of callosal atrophy was not related to the initial haemodynamic abnormality or the presence of hypertension or diabetes mellitus.
Discussion
This study showed that atrophy of the corpus callosum progresses after internal carotid artery occlusion without overt episode of stroke in some patients and that this atrophy is associated with a deterioration in cerebral cortical oxygen metabolism. Serial MRI measurements of callosal area showed significantly more severe decrease in the patients than in age matched normal controls. The degree of callosal atrophy in the patients varied but was correlated with the degree of decline in mean cerebral cortical oxygen metabolism. Also, callosal atrophy was related to the deterioration in cortical haemodynamic state, specifically, a decrease in CBF and CBF:CBV ratio with an increase in oEF. Thus, progression of callosal atrophy may reflect an increase in cerebral morphological changes related to ischaemia and a deterioration in cerebral cortical metabolism after internal carotid artery occlusion.
Cross sectional studies of normal aging have shown that the decrease in callosal size with age,'0 18 19 and the yearly decrease in callosal area:skull area ratio in men found in one study was 0-27 x 10-3.'0 This value is comparable with the data in our controls. Thus the yearly decrease in callosal area:skull area ratio in the patients with internal carotid artery occlusion far exceeds that in normal aging. Also, the associated yearly decrease in CMRo2 value (0-14 ml/100 g/min) was also higher than the reported value attributed to aging (0-015 ml/100 g/min).'0 These findings indicate that the progression of callosal atrophy in these patients is a pathological change.
The mechanism of an abnormal progression of callosal atrophy remains to be elucidated. We speculate that the callosal atrophy Progression of atrophy of the corpus callosum with deteioration of cerebral cortical oxygen metabolism after carotid artery occlusion that we found may have resulted from axonal degeneration during the follow up period due to ischaemic cortical lesions21 that were not detectable as infarctions with MRI,6 because callosal atrophy was associated with a decrease in cortical CMRo.2 The CBF value of 30 ml/100 g/min in our patients, which is above the threshold of acute neuronal death, may contradict this hypothesis. Recent evidence suggests that the threshold for the suppression of protein synthesis is near the normal flow rate, and that the thresholds for disturbances of energy metabolism, unit activity, neurotransmitter release, and histological injury all increase with time during permanent vascular occlusion.22 Mild but chronic decrease in CBF with submaximal increase in oEF may cause prolonged inhibition of protein synthesis that might result in delayed neuronal death after internal carotid artery occlusion. Moreover, transient systemic haemodynamic disturbance could cause prompt CBF decrease to a level below the threshold for acute neuronal death in internal carotid artery occlusion due to a poor autoregulatory response.2' Because ischaemic changes in the region with increased oEF result in normalisation of the oEF, the finding of an increase in oEF from the first to the second study suggests that chronic deterioration of haemodynamic disturbance exceeding reduction in metabolic demand may be important for the progression of callosal atrophy.
Neuronal loss in the absence of infarction has been demonstrated in humans dying after a severe hypotensive or hypoxic episode. 8 In animal experiments, carotid artery occlusion and haemorrhagic hypotension are found to cause only microscopic ischaemic changes in the cerebral cortex. 24 In some patients with internal carotid artery occlusive disease, CT studies have disclosed only hemiatrophy,4 5 suggesting cortical ischaemic damage in the absence of apparent infarction. Mild cortical lesions result in only a decrease in the breadth of cortical ribbons. We found apparent enlargement of focal cortical sulci only in our two patients with long intervals between scans. Although the extent of cortical atrophy can be measured, precise measurement is difficult and neuronal loss can be underestimated because of reactive gliosis. Atrophy of the corpus callosum may sensitively reflect the extent of cortical ischaemic damage because of the vulnerability of the cortical layer 3. Serial studies, in which the variation between subjects in the initial callosal size is controlled for, may allow more precise measurement of changes related to disease.
Another possible mechanism of callosal atrophy might be delayed transneuronal degeneration. 25 The ischaemic changes in initial internal carotid artery occlusion have resulted in reduced neuronal input to some areas in the brain that in the long term progresses to degeneration of the denervated neurons and thereby to a secondary degeneration of fibres in the corpus callosum as a consequence of the primary cellular loss. One example of this type of degeneration is delayed thalamic atrophy after cerebral infarction in the middle cerebral artery territory. 26 But it is not clear how brain metabolism changes in the process of transneuronal degeneration.
Some factors other than ischaemic damage may contribute to callosal atrophy in subjects with internal carotid artery occlusion. The corpus callosum could be subject to influences that are not evident from the results of metabolic studies-such as, diet, alcohol intake, or the coexistence of diabetes. Different structures were used for the measurements of atrophy and of metabolism in this study. Thus we cannot exclude the possibility that callosal atrophy and metabolic decline may be two distinct phenomena lacking any causal relation, although the finding that primary callosal lesions do not irreversibly reduce cortical glucose metabolism27 supports our interpretation.
In patients with internal carotid artery occlusion, the risk of ischaemic changes may depend on the severity of haemodynamic abnormality. Recent studies have shown that a small subgroup of patients with increased oEF or highly impaired cerebrovascular reactivity at entry is at increased risk of developing a stroke during the follow up period.28-"' A larger subgroup of patients with less severe haemodynamic abnormality, including those with abnormal CBV:CBF ratio, did not have high risk for early stroke.'2 In our patients, none of whom had severe haemodynamic abnormality at the first evaluation, the progression of callosal atrophy with metabolic decline was related not to an initial haemodynamic abnormality but to a deterioration in the haemodynamic state. Evaluation of the changes in cerebral haemodynamics and metabolism with serial studies is needed to determine the risk of ischaemic changes in patients without severe haemodynamic abnormality. Haemodynamics and metabolism may change with time after internal carotid artery occlusion.
Little is known about the natural course of change in cerebral haemodynamics in patients with internal carotid artery occlusion. A few serial studies have shown that cerebrovascular reactivity may change with time.'334 Spontaneous improvement of initially impaired cerebrovascular reactivity was reported in most patients with internal carotid artery occlusion, suggesting the development of intracranial collateralisation.'4 The decrease in CBV with time in our patients suggests improvement of cerebrovascular reactivity, because the degree of impaired cerebrovascular reactivity is known to be correlated with CBV values.'5 This decrease did not accompany an improvement of cerebral haemodynamics but rather a deterioration of cerebral metabolism, which implies that the decrease in CBV resulted from a decrease in metabolic demand rather than from improvement of perfusion due to the development of collaterals. Thus the change in cerebrovascular reactivity must be interpreted with caution in patients with progression of metabolic decline or brain atrophy. The improvement of cerebrovascular reactivity may not necessarily indicate good outcome in terms of the cerebral haemodynamics and metabolism in patients with internal carotid artery occlusion.
In conclusion, atrophy of the corpus callosum progresses after internal carotid artery occlusion without overt episode of stroke in some patients, and this atrophy is associated with deterioration in oxygen metabolism in the cerebral cortex. An increase in morphological changes related to ischaemia and deterioration in metabolism may occur after internal carotid artery occlusion, even in the absence of symptoms. 
